Regions of the genes encoding flagellin (flaA), the invasive associated protein (iap), listeriolysin 0 (My) and 235 rRNA were sequenced for a range of Listeris monocytogenes isolates of different origin and serotypes. Several nucleotide sequence variations were found in the flaA, iap and hly genes. No differences were found for the rRNA genes, but our approach does not exclude the existence of differences between single copies of these genes. Based on the sequence differences, the L. monocytogenes strains can be divided into three distinct sequence types. Further, the presence of only a small number of sequence differences within each group indicates a strong degree of conservation within the groups. There was a complete correspondence among the groups of strains formed according to the analysis of the flaA, iap and hly genes, and the grouping correlates with serotype, pulsed field gel electrophoretic and multiloeus enzyme electrophoretic data. Analysis of the region encoding the threonine-asparagine repeat units in the iap gene revealed some striking features. Sequence type 1 strains were found to have 16-17 repeats, sequence type 2 strains had 16-20 repeats whereas the two sequence type 3 strains analysed had only 11 repeats. Furthermore, within a 19 bp segment there was a 37% difference between the sequences of type 1 and 2 strains and that segment was absent in type 3 strains. Within the threonine-asparagine repeat region the nucleotide differences gave rise to four amino acid changes; however, all were changes among the three amino acids present in the repeat structure indicating a strong selective pressure on the composition of this region.
INTRODUCTION
The Gram-positive bacterium Listeria monoytogenes is widespread in the environment and may invade humans and animals where it behaves as a facultative intracellular pathogen (Seelinger & Jones, 1986) . From the port of entrance, listeriosis can develop into severe invasive diseases, including septicaemia and meningitis, primarily in immunocompromized individuals, neonates and foetuses (McLauchlin, 1987) . Over the last decade there have been several food-associated outbreaks of listeriosis (Fleming et al., 1985; Linnan e t al., 1988) , and L. monoytogenes is now recognized as an important foodborne pathogen.
Several molecular methods have been employed for the characterization of L. monogtogenes strains. Using multilocus enzyme electrophoresis (MLEE), Bibb et al. (1990) found that 390 isolates of 6 dfferent serotypes could be grouped into two distinct clusters of electrophoretic types and that the clusters coincided with the flagellar types b (ABC H-antigens) and non-b (AB or BD H-antigens) serovars, respectively. Similar results were obtained by Boerlin e t al. (1991) and Piffaretti et al. (1989) using the same technique. A somewhat different pattern was found by Tabouret et al. (1992) . Analysing surface proteins by SDS-PAGE, they identified two clusters which correlated with the 0-antigen groups, 1/2 serovars and 4 serovars, respectively. Brosch et al. (1991) and Buchreiser e t al. (1991) also found a distinction between serotype 1/2 and serotype 4 isolates using PFGE. However, in a recent study with 176 isolates, PFGE could separate the isolates according to flagellar antigens (Brosch et a!., 1994) .
A new method for strain differentiation is profiling by random amplified polymorphic DNA (RAPD). Using this method on strains of different L. monocytogenes serotypes Mazurier & Wernars (1992) showed that some strains from different serotypes exhibited identical RAPD profiles. However, the RAPD profiles could, in general, differentiate between the isolates according to the flagellar antigens. Only a single profile was shared among isolates with H-antigens ABC and isolates with other combinations of H-antigens. Furthermore, Vines e t al.
(1 992) have shown that RFLP is able to subdivide L. monocytogenes into two distinct groups.
The most precise analytical tool for characterization is DNA sequence analysis, and PCR has now made the characterization of gene segments from a large number of isolates feasible. Using this approach we have previously found that L. monocytogenes isolates can be grouped into two major types according to the nucleotide sequence of a segment of the listeriolysin gene, hly. Furthermore, we found a correspondence between this grouping and flagellar antigens (Rasmussen e t al., 1991) .
To investigate whether the pattern of distinct DNA sequence types also exists outside the hlygene, we have in this report analysed parts of the flagellin gene, &A, isolated by Dons e t al. (1992) , and the invasive associated protein gene, iap, (Kohler e t al., 1990) , as well as the 23s rRNA genes. The j a A gene encodes the polypeptide subunits of the flagella filament, and it has been suggested that the invasive associated protein is associated with the invasion of non-professional phagocytic cells (Kuhn & Goebel, 1989) . Moreover, in search of additional sequence types, we have extended the analysis of the hly gene segment to include a total of 77 isolates.
METHODS
Bacterial strains and growth conditions. A total of 77 L. monocytogenes strains were included in this study (Table 1) . Of these strains, 48 were human clinical isolates, and 24 strains were of different animal or environmental (manure, fodder, etc.) origins. The remaining strains were culture collection isolates of unknown origin. There were 44 strains of serotype 1/2, one isolate was serotype 3, and 32 were serotype 4,4a or 4b. Bacteria were propagated in brain heart infusion broth overnight at 30 "C without shaking.
Oligonucleotides. Synthetic oligonucleotides were prepared on a Cyclone DNA Synthesizer according to the manufacturer's instructions (Biosearch). The following primers were used : for the hly gene : LM4 (5'-CAGTTGCAAGCGCTTGGAGT-3') ; LM5 (5'-CCTCCAGAGTGATCGATGTT-3') ; LM6 (5'-TTGTTTCAATATATTCTGAGT-3') ; for the iap gene : LM20
(5'-GAGAAATCTGTTAGCGCAACTTGG-3') ; LM21 (5'-CCATTACCAACGTAGATACCACG-3') ; LM22 (5'-CAGAGATTCTTGTAGTGC-3') ; for the flaA gene : P1 (5'-GATTGTTCCAGCAGAAAGAC-3') ; P3 (5'-AAATGA-AGATATAATAAAGC-3') ; P4 (5'-GCGACTCATACCAG-CACC-3'); for the 23s rRNA gene: 23-1104f (5'-AGAAAG-CGTAATAGCTCAC-3') ; 23-1 608r (5'-CCACCTGTGTCG-GTTT-3'). LM4, LM5, LM20, LM21, P3, P4, 23-1104f and 23-1608r were used as amplification primers, and LM6, LM21, LM22, P1 and 23-160th were used for sequencing. LM4-LM6 were selected according to Rasmussen e t al. (1991) ; LM20-LM22 were selected from Kohler e t a/. (1990) ; P1, P3 and P4 were selected from Dons etal. (1992) , and 23-1104f and 23-1608r were selected according to Lane (1991) .
Asymmetric PCR and DNA sequencing. Asymmetric PCR and DNA sequencing were performed as described previously (Rasmussen e t al., 1991) . DNA sequences were aligned using the PC Gene Screen Device, version 5.03 (IntelliGenetics).
RESULTS AND DISCUSSION

The flagellin gene
A 180 bp region of the j a A gene was sequenced in 27 strains ( Table 1) In the N-terminal conserved region, which is assumed to be involved in flagellin export as well as flagellar assembly and shape (Jones & Aizawa, 1991; Macnab, 1992) , four general nucleotide differences which separated the strains into three distinct sequence types were found (Table 2) . A total of 22 of the strains had previously been included in the analysis of the hly gene (Rasmussen etal., 1991) , and all strains of the hly sequence type 1 grouped in the samejaA sequence type. Likewise, all strains of the hly sequence type 2 grouped in the sameflaA sequence type, and the two fEaA types were consequently assigned the corresponding numbers. The third sequence type included two serotype 4a strains which were not analysed in the former study on bly. In the 125 bp of the N-terminal region they differed from the two other sequence types at one and four positions, respectively. None of the general nucleotide differences gave rise to an amino acid change. Furthermore, in this region two strains were found to have strain-specific differences ( Table 3) .
The central region, which shows considerable variability among species in both length and amino acid composition, is believed to be responsible for the antigenic variation of the flagellar filament (Jones & Aizawa, 1991). It was therefore surprising to find only a single strain-specific difference (Table 3 ) and no general differences in the 55 bp region analysed. For a smaller number of strains an additional 60 bp region at the opposite end of the variable region was sequenced (data not shown), and a single general nucleotide difference between sequence types 1 and 2 was found. This base difference gives rise to an IP: 54.70.40.11
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Evolutionary lines of L. monoytogenes amino acid change, a glutamic acid in sequence type 1 strains is replaced with a glutamine in type 2 strains. Complete flagellin sequences have been obtained for three Escbericbia coli serovars (Schoenhals & Whitfeld, 1993) and 10 Salmonella g... series serovars (Masten & Joys, 1993) . For both species a much greater variation with several amino acid changes was found in the variable region. A direct comparison to L. monogtogenes is, however, difficult, as the variable regions of E. coli and Salmonella are approximately 200 amino acids longer (Dons e t al., 1992) .
The invasive associated protein gene
The iap gene of strain EGD (serotype 1/2a) is 1452 nucleotides long and has a central part of 400 bp which is specific for L. monoytogenes. In this region there is an extended repeat segment which in the EGD strain consists of 19 threonine-asparagine (TN) repeat units separated by two blocks of 3 amino acids each (the ANK and PSK motifs) (Kohler et al., 1990) ( Fig. 1 ). Sequence analysis in this study of the repeat unit and flanking regions showed that the pattern of three DNA sequence types also exists for the iap gene (Table 1) . Furthermore, full correspondence among the groups of strains formed according to the sequence analysis of each of the bb (Rasmussen e t al., 1991),flaA and iap genes was found. Consequently, in the following the term ' sequence type ' is used as a general term with no specific gene reference. In the description of specific features below, the segment of the iap gene investigated is divided into three regions according to structural features of the gene.
The region upstream of the repeat region, position 1315-1373 ( Fig. l) , was analysed for five sequence type 1, three sequence type 2, and one sequence type 3 strains. All the type 2 strains had a sequence identical to that of EGD, whereas all type 1 strains differed at three positions (Fig.  1 ). The differences at position 1358 and 1359 are within the same codon, changing it from an alanine in type 2 strains to an arginine in type 1 strains. The sequence of the type 3 isolate was identical to that of EGD except for an insertion of six nucleotides at position 1360 ( Fig. 1) .
A total of 26 strains were analysed in a second region, position 1374-1586, containing the repeat units ( Fig. 1 ). From direct sequence alignment it was obvious that there were variations in the number of repeat units among the strains. The serotype 4a strains both had 11 repeat units, sequence type 1 strains had 16 or 17 repeats, whereas sequence type 2 strains had from 16 to 20 repeats (Fig. 2 , Table 4 ). Our data are in accordance with the observations by Bubert e t al. (1992) , who found 11 repeats in both a serotype 4a and a serotype 4c isolate and 16 and 19 repeats, respectively, in two different serotype 1 /2a isolates.
The sequence with 20 repeats was found in a serotype 1/2c strain (Fig. 2, Type I) , and the extra repeat compared to the EGD strain had the sequence 5'-ACAAAT-3', which is identical to the sequence of the first 5 repeats downstream of the region encoding the ANK motif (position 1394-1423, Fig. 1 ). The alignment of the sequences from the 26 strains showed that the differences in length were confined primarily to this part of the repeat region with identical repeats. This finding supports the notion of Kohler et al. (1990) that the repeat region has apparently been generated by tandem multiplication of the basic unit ACAAAT. It is further substantiated by the pattern of nucleotide differences in this region. All sequence type 1 strains were found to differ from the sequence of the EGD strain in having a G instead of an A at the third position in all the threonine codons (positions 1414 and 1420 for strains with 16 repeats, and additionally at position 1408 for strains with 17 repeats). Apparently this A to G change occurred before the multiplications of the T N repeats in the sequence type 1 strains. Also, the serotype 4a strains were found to have a G at the relevant position (position 1420), and four out of the eight sequence type 2 strains had a G at the third position of the first threonine codon after the ANK motif (Table 3) .
Atypical repeat structures were found only for the serotype 4a strains and a serotype 1/2a strain which lacks a repeat after the single asparagine between the ANK and PSK motifs (Fig. 2 , Type VII). Moreover, it is noteworthy that all four serotype 1/2 strains of sequence type 1 had 17 repeats, whereas all 12 serotype 4/4b strains of sequence type 1 had 16 repeats (Table 4 ).
There were several other general nucleotide differences in the 'I" repeat region. There appears to be a hot spot for mutations just downstream of the PSK motif. In this part, which is missing in the serotype 4a strains, a total of seven nucleotide differences were found between the sequence type 1 and sequence type 2 strains within a 19 bp region (Fig. 1) . This corresponds to a difference of 37 % in that region. The differences at positions 1443, 1472 and 1478/1480 all cause amino acid changes, but only changes among asparagine, threonine and serine (Fig. 2) . The serotype 4a strain had 11 nucleotide differences to the EGD strain in addition to the A/G difference at position 1420. These differences gave rise to only one amino acid change, at positions 1496/1498, where a serine in EGD is replaced with a threonine. It is noteworthy that all the amino acid changes within the repeat region are among the three amino acids already present in the repeats: threonine, asparagine and serine. It indicates a strong selective pressure on the amino acid composition of the region. Within the repeat region, no strain-specific nucleotide differences were found within the groups of the sequence type 1 or the sequence type 3 strains, respectively, whereas a few strain-specific differences were found among the sequence type 2 strains (Table 3 ).
In the 79 bp region downstream of the TN repeat region (position 1508-1586, Fig. l ), two general differences between sequence type 1 and sequence type 2 strains as well as two others between sequence type 2 and sequence type 3 strains were found (Fig. 1) . Furthermore, the sequences of the type 1 strains were found to differ at position 1549, where 8 out of 16 strains had a G and the rest had an A. There may be a correlation between this nucleotide difference and the number of repeats as all the strains with a G at this position had 16 repeats. Within the $ The nucleotide sequence of the hb gene was determined by Rasmussen e t a/. (1991) . type 2 strains, a few strain-specific differences were found (Table 3) .
Cossart, 1992) of the rRNA operon, we did not find any differences between or within the sequence types. This
Finally, a 99 bp region (position 1587-1685, not shown in Fig. 1 ) downstream of the L. monoytogenes specific region of iap was sequenced for six strains of type 1 and one type 2 strain. All sequences in this region were identical to that of strain EGD.
The 235 rRNA gene
The 230 bp region from positions 1350 to 1580 of the L. monoytogenes23S rRNA gene (Thompson etal., 1992) was sequenced in 27 strains (16 type 1, nine type 2, and two type 3 strains). This region was selected because it contains some of the more variable parts (V9 and VlO) of the rRNA operon (Lane, 1991) . By our approach, where we obtained an average sequence for the six copies (Michel & does not exclude, however, that in the analysed region there are differences within single copies of the rRNA genes, as such differences would not be detected by our approach. Recently, Czaj ka et al. (1993) sequenced most of the 16s rRNA gene of a limited number of L. monoytogenes strains by an approach similar to ours and they did find differences in the V2 region between four serotype 1/2a isolates and also between these and a single serotype 4b isolate. This shows that intraspecies differences do occur in the rRNA genes.
Compared with the sequence reported by Thompson e t al.
(1992), all strains analysed in this study were found to have two additional Cs at position 1411. This difference may be explained by the fact that they sequenced a single, cloned rDNA copy. 
The listeriolysin gene
To clarify whether the hb gene also exists in three types and to search for more possible variants, a 150 bp region of the gene was analysed for 39 strains in addition to the 36 strains analysed in our previous study (Rasmussen e t al., 1991) . As for the f l a A and the iap genes, the two serotype 4a strains did form a third separate sequence type ( Table 2) . All other strains were found to have a sequence of one of the two other sequence types previously observed (Rasmussen e t a/., 1991). Furthermore, we did not find deviations from the full correspondence among the groups of strains formed according to the b b gene and the two other genes. Three strains had strain-specific nucleotide differences at various positions (Table 3) .
Evolutionary lines of L. monocytogenes
This study confirms our earlier work (Rasmussen et al., 1991) which showed that the hb gene of L. monocytogenes exists in distinct, well-conserved types. However, in addition to the two types previously found, a third type containing serotype 4a strains was identified. Moreover, an identical pattern was found for theflaA and the iap Table 3m Strain-specific nucleotide differences in the flaA, iap and hly genes genes and there was full correspondence among the grouping of strains according to the three genes analysed.
As the hb and iap genes are located 30-1225 kbp apart on the genetic map of the L. monocytogenes genome (Michel & Cossart, 1992) , and theflaA gene is not located adjacent to the two other genes (data not shown), it is most likely that the pattern of at least three distinct types is a characteristic feature of a larger part of the L. monocJytogenes genome, conceivably the complete chromosome. Thus, there may be three or possibly more distinct evolutionary lines of L. monocytogenes. The presence of distinct evolutionary lines is substantiated by MLEE (Bibb e t al. , 1990 ; Piffaretti e t al., 1989) , RFLP (Vines e t al., 1992) , and RAPD profiling (Mazurier & Wernars, 1992) data, but with these methods, however, only two evolutionary lines have been indicated so far. Our data further indicate that recombination among L. monocytogenes strains of different evolutionary lines is rare.
Serotype 4a strains of sequence type 3 have been characterized in only a few earlier studies using other techniques. In the MLEE study by Piffaretti e t al. (1989) , the single serotype 4a isolate included grouped together with 4b isolates, whereas Mazurier & Wernars (1 992) found that all five serotype 4a isolates included in their RAPD analysis formed a separate group. It has further been found that the lmaA probe which is highly specific for L. monocytogenes does not hybridize to serotype 4a isolates (Notermans et a/., 1989) . These data support the Evolutionary lines of L. monoytogenes hypothesis that serotype 4a isolates form a distinct homogeneous group. It is uncertain whether other less frequent serotypes not included in this study will group in one of the three identified DNA sequence types or form additional separate groups.
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Based on the isolates for which the flagellar antigens have been determined, there is a correlation between sequence types and flagellar antigens. Sequence type 1 isolates are of serotype b (ABC H-antigens), whereas sequence type 2 isolates are of serotypes a or c (AB or BD H-antigens, respectively), the only exception being the two sequence type 3 isolates of serotype 4a. In accordance with the correlation between sequence types and flagellar antigens, all the human clinical isolates, which most likely are of flagellar b types (McLauchlin, 1987) , group in sequence type 1, and the serotype 1/2 isolates which may be expected to be of different flagellar serotypes fall into both sequence types 1 and 2. The groups of the sequence types 1 and 2 thus correspond to groupings obtained by MLEE (Bibb e t al., 1990) , RAPD profiling (Mazurier & Wernars, 1992) , RFLP (Vines e t al., 1992) and PFGE (Brosch e t al., 1994) .
A remarkably strong degree of conservation was found within each sequence type. At only two positions, in the IP: 54.70.40.11
On: Sat, 22 Dec 2018 01:51:31 0. F. RASMUSSEN a n d OTHERS iap gene for sequence type 1 strains and in the hb gene for sequence type 2 strains, were intra-sequence-type differences common to several strains found. More strikingly, in the total of approximately 23 kb sequenced in this study, as few as 16 strain-specific nucleotide differences (Table 3) , corresponding to 0.69 ym, were found. The degree of strain-specific differences varied among the sequence types, being 0.15% for type 1 (13.0 kb analysed), 0.87% for type 2 (9.1 kb analysed), and 0.870/, for type 3 (1.1 kb analysed). This variation among the sequence types is consistent with the MLEE data of Bibb e t al. (1990) , who found a higher genetic variability in ETGB which corresponds to the sequence type 2 than in ETGA. In conclusion, L. munucytugenes has been shown to exist in at least three well-conserved evolutionary lines with a strong degree of conservation within those lines. The majority of the isolates group into two of the sequence types for which there is a correlation with flagellar antigens as well as grouping based on MLEE, RAPD, RFLP and PFGE.
